Abstract: Nitric oxide (NO) modulates the activities of various channels and receptors to participate in the regulation of neuronal intracellular Ca 2+ levels. Ca 2+ binding protein (CaBP) expression may also be altered by NO. Accordingly, we examined expression changes in calbindin-D28k, calretinin, and parvalbumin in the cerebral cortex and hippocampal region of neuronal NO synthase knockout(−/−) (nNOS −/− ) mice using immunohistochemistry. For the fi rst time, we demonstrate that the expression of CaBPs is specifi cally altered in the cerebral cortex and hippocampal region of nNOS −/− mice and that their expression changed according to neuronal type. As changes in CaBP expression can infl uence temporal and spatial intracellular Ca 2+ levels, it appears that NO may be involved in various functions, such as modulating neuronal Ca 2+ homeostasis, regulating synaptic transmission, and neuroprotection, by infl uencing the expression of CaBPs. Th erefore, these results suggest another mechanism by which NO participates in the regulation of neuronal Ca 2+ homeostasis. However, the exact mechanisms of this regulation and its functional signifi cance require further investigation.
Introduction
Nitric oxide (NO) is synthesized from the amino acid L-arginine by the family of nitric oxide synthase (NOS) enzymes [1] . Neuronal NOS (nNOS) is a major isoform that produces NO in the brain [2] -mediated signal transduction events [6] [7] [8] . Th ree CaBPs, namely calbindin-D28k (CB), parvalbumin (PV), and calretinin (CR), which are members of the EF-hand calcium-binding protein family, have been implicated to play a neuroprotective role in various pathological conditions by functioning as buff ers for excess calcium. CaBPs such as CB [9, 10] and CR [11] colocalize with nNOS in some neuron populations. Similar cerebellar functional defects are detected in both nNOS [12] and CaBP knockout mice [13, 14] . Based on these fi ndings, Ca 2+ buff ering may be a candidate for Ca 2+ homeostatic regulation by NO. We have carefully examined CaBP expressional changes in nNOS knock-out(−/−) (nNOS −/− ) mice immunohistochemically [15] to support the possibility that NO regulates the neuronal Ca 2+ buffering system by modulating CaBP expression and that this regulation diff ers according to neuronal type. CB, CR, and PV are highly expressed in the cerebral cortex and hippocampal region [16] [17] [18] , Our study shows, for the first time, that the expression of CB, CR, and PV changes specifi cally in the cerebral cortex and hippocampal region of nNOS −/− mice.
Materials and Methods
Ten male nNOS −/− B6, 129S4-Nos1 tm1Plh /J (3-4 months old) mice and 12 male control B6129SF2/J (3-4 months old) mice were examined using immunohistochemistry. The B6129SF2/J mice are F2 hybrids with a mixed C57BL/6× 129 background (designated B6;129) and suggested to be used as approximate physiological controls for the nNOS paraformaldehyde. Brains were cryoprotected in a series of cold sucrose solutions and were cut at 40 μm in the coronal plane. Immunohistochemistry was performed using the free-fl oating method described previously [19] . Rabbit anti-CB polyclonal antibody, rabbit anti-CR polyclonal antibody, and anti-PV monoclonal antibody (AB1778 and AB5054, respectively, Chemicon International, Temecula, CA, USA; and P3088 for PV, Sigma, St. Louis, MO, USA) were used as primary antibodies. Some sections was reacted without primary antiserum, and different samples were exposed to primary antiserum that had been preabsorbed for 24 hours with control antigen peptides. Sections from these samples did not exhibit any immunoreactivity. We randomly selected fi ve unit areas in the cerebrum of control (n=12) and nNOS −/− mice (n=10) and calculated the numbers of CB, CR, and PV-immunoreactive neurons per unit area. Sections from each control and nNOS −/− group were stained together to eliminate conflicts between experimental conditions. Visual assessment and densitometric measurements using the Scion Image program (NIH, Bethesda, MD, USA) was used to determine staining density. Student's t-test was performed to investigate whether changes in CaBP expression were statistically significant (*P<0.01). Immunohistochemistry images were taken using a ProgRes C14 digital camera with ProgRes C14 software (JENOPTIC Laser, Optic, System, Munich, Germany). Image editing soft ware (Adobe Photoshop) was used to adjust the size and contrast and to combine the images.
Results
Numerous CB-immunoreactive neurons were observed in the cerebral cortex of control mice (Fig. 1A of CB in their neurites and cell bodies (black arrowheads in Fig. 1B, C) , and those expressing CB only in their cell bodies (white arrowheads in Fig. 1B) . The former neurons were distributed in all layers of the cerebral cortex except layer I (Fig. 1A) and had long CB-immunoreactive neurites that branched many times (black arrowheads in Fig. 1B, C) . Th e former seemed to express more CB than the latter (Fig. 1B) . The latter type of neurons were localized in layers II and III and they outnumbered the former (Fig. 1A) . These two kinds of CB-immunoreactive neurons were also observed in nNOS −/− mice, and their morphology and distribution pattern were similar (Fig. 1D, E) . However, the number of neurons expressing high CB levels in their cell bodies and neurites was reduced significantly in nNOS −/− mice ( Table 1 , Fig.   1D ) and each individual neuron of this type showed lower levels of CB immunoreactivity than that in control mice (Fig.  1E, F) . On high power, the lengths of CB-immunoreactive neurites were also reduced in nNOS −/− mice and they had fewer branches (black arrowheads in Fig. 1E, F) . As for the former type neurons, the number of neurons expressing CB only in the cell bodies and their CB immunoreactivity was reduced in nNOS −/− mice (Fig. 1E ). Because it was diffi cult to Fig. 2B ). Because it was difficult to identify individual CBimmunoreactive granule cells in the dentate gyrus and CBimmunoreactive pyramidal cells in CA1-2 due to overlap, and cell number could not be used in the analysis of CBimmunoreactive neuropil in the stratum lucidum of CA3, densitometric analysis using Scion Image was performed to determine whether reductions in CB immunoreactivity were statistically significant. According to this analysis, the CBimmunoreactive changes in granule cells, pyramidal cells, and the neuropil were statistically signifi cant (Table 2) . CR-immunoreactive neurons were present in more superfi cial layers of the cerebral cortex of control mice (Fig.  3A) , and CR was expressed in the cell bodies and neurites ( Fig. 3A-C) . Several types of neurons expressed CR. For example, some CR-immunoreactive neurons had bipolar neuron morphology (Fig. 3B) , whereas others had multipolar neuron morphology (Fig. 3C) . Although the cerebral cortex of nNOS −/− mice had a similar CR expression pattern, the level of CR immunoreactivity was much lower than that of the controls (Fig. 3D-F) . Th e nNOS −/− mice had a signifi cantly lower number of CR-immunoreactive neurons (Table 1 , Fig. 3D ) and each CR-immunoreactive neuron showed lower levels of CR immunoreactivity. Additionally, the CRimmunoreactive neurites of the nNOS −/− mice tended to decrease in number, but this change was not statistically signifi cant (Fig. 3E, F) .
In control mice, a high level of CR was prominently expressed in the neuropil of the subgranular zone of the dentate gyrus, whereas the cell bodies of granule cells showed no CR immunoreactivity (Fig. 3G, I ). In the polymorph layer of the dentate gyrus several CR-immunoreactive neurons were observed near the granule cell layer, and this CR immunoreactivity was confined to the cell bodies (Fig.  3G, I ). In CA1 and CA3 of Ammon's horn, pyramidal cells showed slight CR immunoreactivity which could not be distinguished from background signals (Fig. 3G, J, K) . Several neurons highly expressing CR, which were not pyramidal cells, were widely distributed in CA1 and CA3 (Fig. 3G) . Th eir cell bodies were located in all layers of Ammon's horn, determine the individual neurons of this type due to overlap, a densitometric analysis was performed using Scion Image to determine the signifi cance of these changes. As a result, the decrease in CB immunoreactivity observed in layers II and III was statistically signifi cant (Table 2) .
Th e hippocampal region of control mice showed a highly specifi c CB expression pattern ( Fig. 2A) . Granule cells in the dentate gyrus expressed high levels of CB in their cell bodies, and relatively high CB immunoreactivity was observed in the neuropil of the molecular layer and in the polymorph layer ( Fig. 2A, C, I ). In Ammon's horn of the anterior hippocampal region, cell bodies of pyramidal cells in CA1 showed CB immunoreactivity, but those of pyramidal cells in CA3 did not ( Fig. 2A, D, E) . Instead, the neuropil of the stratum lucidum in CA3 expressed high levels of CB ( Fig. 2A, E) . In contrast to the anterior hippocampal region, pyramidal cells in CA1-2 of the posterior hippocampal region expressed CB not only in their cell bodies but also in their neurites, which were oriented to the stratum radiatum (Fig. 2I, J) . Additionally, several neurons in CA1 and CA3, other than pyramidal cells, expressed high levels of CB ( Fig. 2A , black arrowheads in Fig. 2D, E) . These neurons expressed CB in their neurites as well as their cell bodies, and their cell bodies were located in all layers of Ammon's horn. As observed in the cerebral cortex, neurons and neuropil expressing CB in the hippocampal region of control mice showed the same CB expression pattern in the hippocampal region of nNOS -/-mice. However, the CB expression levels of these neurons and and they had long CR-immunoreactive neurites extending through Ammon's horn (Fig. 3G, J, K) . No differences were observed between the anterior and posterior regions of the hippocampal region, and CA2 showed CR expression resembling that of CA1. The hippocampal region of the nNOS −/− mice had a CR expression pattern similar to that of control mice (Fig. 3H, L-N) . However, overall CR immunoreactivity was markedly downregulated in nNOS −/− mice. CR immunoreactivity of the neuropil in the dentate gyrus was significantly lower in nNOS −/− mice than that in control mice (Table 2 , Fig. 3H , L), as were the numbers of CRimmunoreactive neurons in CA1 and in the polymorph layer of the dentate gyrus (Table 1 , Fig. 3H ). Although it was not statistically significant, the number of CR-immunoreactive neurons in CA3 tended to be reduced (Table 1 , Fig. 3H ). In contrast to the cerebral cortex where the decrease in the number of CR-immunoreactive neurons was accompanied by a reduction in the lengths of CB-immunoreactive neurites, the lengths of the CB-immunoreactive neurites and CRimmunoreactive neurons in Ammon's horn of nNOS −/− mice were unchanged (Fig. 3M, N) . Many PV-immunoreactive neurons were observed in the cerebral cortex of control mice (Fig. 4A) . In contrast to CR, they were concentrated in deeper layers of the cerebral cortex (Fig. 4A ). Th ese neurons had multipolar morphology, and PV was expressed in their cell bodies and neurites, which were shorter than those of CB-immunoreactive and CR-immunoreactive neurons (Fig. 4B ). This PV expression . CA1, fi eld CA1 Ammon's horn; CA2, fi eld CA2 Ammon's horn; CA3, fi eld CA3 Ammon's horn; DGlb, dentate gyrus lateral blade; DGmb, dentate gyrus medial blade; mo, molecular layer; sg, granule cell layer; po, polymorph layer; so, stratum oriens; sp, pyramidal layer; sr, stratum radiatum; slu, stratum lucidum. Scale bars=200 μm (A, B), 50 μm (C-H), 100 μm (I, K), 80 μm ( J, L). (I and L, J and K, and M and N) are high power views of the dentate gyrus and the CA1 of Ammon's horn, respectively. In the cerebral cortex and hippocampal region, the overall distribution patterns of CR-immunoreactivity and the morphology of CR-immunoreactive neurons were similar in the control and nNOS −/− mice (A-N). In the cerebral cortex, nNOS −/− mice had fewer CR-immunoreactive neurons and each CRimmunoreactive neuron showed less CR-immunoreactivity than that in control mice (D-F). High power views showed that the lengths of the CRimmunoreactive neurites in the nNOS −/− mice were shorter than those of the control mice (D-F). Calbindin D28k (CB) immunoreactivity in the neuropil of the dentate gyrus was much reduced in the hippocampal region of nNOS −/− mice (H, L) and the number of CR-immunoreactive neurons was less (H) in nNOS −/− mice, although the morphology of these neurons was preserved (L-N). CA1, fi eld CA1 Ammon's horn; CA3, fi eld CA3 Ammon's horn; DGlb, dentate gyrus lateral blade; DGmb, dentate gyrus medial blade; mo, molecular layer; sg, granule cell layer; po, polymorph layer; so, stratum oriens; sp, pyramidal layer; sr, stratum radiatum. (B and C, G and J, H and K, and I and L) are high power views of the cerebral cortex, the polymorph layer of the dentate gyrus, the granule cell layer of the dentate gyrus, and the pyramidal layer of Ammon's horn, respectively. Th e numbers of PV-immunoreactive neurons, their distribution patterns, and morphology were unchanged in the cerebral cortex and hippocampal region of nNOS −/− mice (F, J-L). CA1, fi eld CA1 Ammon's horn; CA3, fi eld CA3 Ammon's horn; DGlb, dentate gyrus lateral blade; DGmb, dentate gyrus medial blade; sg, granule cell layer; po, polymorph layer; mo, molecular layer;so, stratum oriens; sp, pyramidal layer; sr, stratum radiatum. www.acbjournal.org pattern was preserved in most regions of the cerebral cortex (Fig. 4C, D) . Additionally, a cell count analysis showed that the number of PV-immunoreactive neurons was unchanged in the cerebral cortex of nNOS −/− mice (Table   1 ). Granule cells in the dentate gyrus and pyramidal cells in Ammon's horn did not express PV (Fig. 4E, G-I) ; however, the neuropil around the cell bodies of granule cells and pyramidal cells showed relatively high PV immunoreactivity. Many PV-immunoreactive neurons, other than granule cells and pyramidal cells, were observed in all regions of the hippocampal region and expressed PV in their cell bodies and neurites (Fig. 4E, G-I ). Th ese neurons were concentrated in the granule cell layer of the dentate gyrus and in the pyramidal layer of Ammon's horn or near these layers (Fig.  4E ). These PV expression patterns were well preserved in nNOS −/− mice (Fig. 4F , J-L). As observed in the cerebral cortex, the number of PV-immunoreactive neurons was unchanged in the hippocampus of nNOS −/− mice (Table 1) , and the PV-immunoreactive neurons of nNOS −/− mice had morphologies that were similar to those of control mice (Fig.  4J-L) .
Discussion
Using immunohistochemical techniques we found that CB and CR expression levels were characteristically altered in the cerebral cortex and hippocampal region of nNOS −/− mice ( Figs. 1-3 ). We also found that different neuronal types in the cerebral cortex and hippocampal region showed diff erent CB and CR expression in nNOS −/− mice. In contrast, PV expression in the cerebral cortex and hippocampal region of nNOS −/− mice showed few diff erences when compared to control mice (Fig. 4) . As the number of neurons in the central nervous system is not significantly altered in nNOS −/− mice [15] , these changes in CB and CR expression may be due to their changing expression rather than to altered numbers of CB-immunoreactive and CR-immunoreactive neurons. Because CaBP expression patterns did not change in nNOS −/− mice, it seems that NO infl uenced only their expression levels and not their expression patterns. It is concluded that NO modulates CB and CR expression levels in the cerebral cortex and hippocampal region in a cell-type specific manner, and that NO may differentially affect Ca 2+ homeostasis in many types of neurons. Previously, the morphologies of neurons expressing CB, CR, and PV were examined in the cerebral cortex, and these CaBPs were expressed mainly by non-overlapping subpopulations of gamma aminobutyric acid (GABA)ergic neurons, although some CB-immunoreactive pyramidal cells were observed mainly in layer III [20] . Among these GABAergic interneurons, the most characteristic mor phological typ e of GABAerg ic inter neurons immunoreactive for CB were double bouquet cells; and they were bipolar, double bouquet, and Cajal-Retzius cells for CR; and double bouquet and large basket cells for PV. As each CaBP is expressed by diff erent subpopulations of GABAergic neurons [20] , these CaBPs are used to classify GABAergic interneurons in the cerebral cortex with other neuropeptides and physiological characteristics [18, 21] . In this study, we found that neuronal CB and CR expression was downregulated, whereas neuronal PV expression was unchanged in the cerebral cortex of nNOS −/− mice. As the morphological classification of GABAergic interneurons is based on their specific placement of synapses onto different target cell domains, it is difficult to precisely identify the GABAergic interneurons using only immunohistochemical results. However, as found in a previous study [20] , some CB-immunoreactive neurons in layer V appeared to be double bouquet cells with fusiform cell bodies (Fig. 1C black arrowheads) , and pyramidal-like cells in layers II and III showed weak CB immunoreactivity (Fig. 1B white arrowheads) . In addition, CR-immunoreactive and PV-immunoreactive neurons had morphologies similar to those reported previously [20] ; i.e., CR-immunoreactive neurons had a bipolar morphology (bipolar cells, Fig. 3B ), CR-immunoreactive neurons near pia matter had horizontal axes (Cajal-Retzius cells, Fig. 3A) , and PV-immunoreactive neurons had large cell bodies (large basket cells, Fig. 4B ). Each antibody seemed to specifi cally detect neurons expressing its counterpart. Th us, it can be concluded that NO activated CB and CR expression in pyramidal cells, somatostatin cells, and VIP cells but did not aff ect PV expression in PV cells.
Various cell types in the hippocampal region express CaBPs [17, 22] dentate gyrus were CR-and PV-immunoreactivity. The most characteristic morphological types of GABAergic interneurons immunoreactive for CB were bistratified cells and other interneurons innervating dendrites of pyramidal neurons, whereas those immunoreactive to CR were spiny and spine-free neurons; and those immunoreactive to PV were basket cells and chandelier cells. In addition to these cellular components, the neuropil of the hippocampal region also showed characteristic CaBP expression patterns; CB and CR are highly expressed in the neuropil of the stratum lucidum of CA3 [23] and in the neuropil of the subgranular zone of the dentate gyrus [24] , respectively. As observed in the cerebral cortex, CaBP expression in GABAergic interneurons of the hippocampal region did not overlap [17] . Therefore, CaBPs are also used to classify GABAergic interneurons in this region, but their morphological, chemical, and physiological properties are too varied to allow their classifi cation into several groups in contrast to the cerebral cortex [25] .
Characteristic CaBP expression patterns in the hippocampal region were also observed in this study. As previously reported [17] , CB is expressed by granule cells of the dentate gyrus, pyramidal cells of CA1, and the neuropil in the stratum lucidum of CA3 (Fig. 2) . High CR immunoreactivity was observed in the neuropil of the subgranular zone of the dentate gyrus (Fig. 3) , whereas principal neurons, except mossy cells of the dentate gyrus, showed little CR-or PVimmunoreactivity (Figs. 3, 4) . Moreover, PV-immunoreactive interneurons were distributed near the pyramidal layer of Ammon's horn and the granule cell layer of the dentate gyrus and showed typical radial morphology (Fig. 4H, I ), as previously reported [17] . Because we observed that CB and CR expression was reduced in the hippocampus of nNOS −/− mice, whereas PV immunoreactivity was unchanged, it can be concluded that NO 
